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Several oxides doped with transition metals can be used in spintronics devices due to their conductive
and magnetic properties at room temperature. In this work, samples of Ce12xZnxCoxO2d were
obtained by an alternative sol–gel proteic process for x¼0.01, 0.05 and 0.1. The structural properties of
samples were analyzed by XRD and Raman spectroscopy. Magnetization measurements revealed a
ferromagnetic behavior at room temperature probably induced by oxygen vacancies.
& 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Semiconductors that exhibit ferromagnetism at room temperature
(RTFM) have attracted the interest of the scientiﬁc community due to
their possible applications in future spintronics devices. The basic idea
behind spintronics consists of the manipulation of spin states of
charge carriers [1]. The ﬁrst attempts to achieve the DMS have been
made with II–IV semiconductors; however, the difﬁcult control of the
doping processes imposes obstacles to their usage in spintronics.
Alternatively, good performances with respect to magnetic and
semiconductor properties were found for several oxides (ZnO, TiO2,
Cu2O, SnO2 and CeO2) doped with transition metals [2–11].
The goal of the present research was to prepare samples of
Zn–Co-doped CeO2d (which allow deviations 0odo0.5) by
using an alternative route, as well as to study the inﬂuence of
the Zn and Co ions on their magnetic and structural properties.2. Experimental details
In order to obtain the Ce12xZnxCoxO2d samples for x¼0.01, 0.05
and 0.1, proteic sols were prepared by dissolving Zn(NO3)2 6H2O,
Co(NO3)2 6H2O and (NH4)2Ce(NO3)6 with suitable stoichiometries
in ﬁltered coconut water (Cocos Nucifera). Afterwards, the sols were
heated at 100 1C for 24 h in order to promote geliﬁcation–
dehydration and at 400 1C for 1 h to decompose the salts. Finally,
the obtained samples were calcined in air at 600 and 800 1C for 1 h to
eliminate the organic materials and oxidize the salts completely [4].
All the samples were characterized with measurements of X-ray
diffraction (XRD) using CuKa radiation at 40 KV/40 mA (steps
of 0.021, 5 s per step) on a Rigaku RINT 2000/PC diffractometer.x: þ55 79 21056807.
s).
lsevier OA license.Raman spectroscopy and magnetization measurements were per-
formed using a Perkin Elmer Raman Station 400 (633 nm laser) and
a 7 T Quantum Design SQUID MPMS Evercool, respectively.3. Results and discussion
The XRD patterns were recorded at room temperature for
the Ce12xZnxCoxO2d powders samples with x¼0.01, 0.05 and
0.1 calcined at 600 and 800 1C (Fig. 1).
The obtained XRD patterns matched the powder diffraction
data for CeO2 obtained using JCPDF #34-0394, which suggests a
cubic symmetry belonging to the Fm–3m space group.
A spurious cobalt phase was observed in the samples with
x¼0.1 and 0.05 calcined at 600 1C and in the sample with x¼0.1
calcined at 800 1C. This fact, which can be attributed to formation
of Co3O4, indicates that the maximum doping occurs between 5%
and 10%. The limit doping is remarkably low due to the competition
between the cations Zn2þ and Co2þ that replace the Ce4þ . In this
process, in order to maintain the charge balance of the structure, an
oxygen (O2) vacancy is created for each Zn2þ or Co2þ replacing
cation. For samples calcined at 800 1C with xr0.05 the spurious
cobalt phase vanish and only the CeO2 single phase was observed
in them.
The Raman spectra of four samples with 0rxr0.1 calcined at
600 and 800 1C were recorded at room temperature (Fig. 2). The
Raman peaks with wavenumber around 463 cm1 (for samples
calcined at 600 1C) and 467 cm1 for samples calcined at 800 1C
can be attributed to vibrational modes of the Ce–O8 of CeO2 [4].
In all samples were observed vibrational modes around 250
and 600 cm1, which can be attributed to the presence of defects in
the resulting formation of oxygen vacancies [12]. The peaks around
774, 790, 1050 and 1070 cm1 are derived from the precursor salt
(NH4)2Ce(NO3)6 [4]. Most these peaks were eliminated in samples
calcinated at higher temperature. The peak at 530 cm1 in the
Fig. 1. XRD patterns recorded at room temperature for samples calcined at 600
and 800 1C with different dopant concentrations. Note the observed peaks
attributed to (*) CeO2 and (D) Co3O4.
Fig. 2. Raman spectra of samples with x¼0, 0.01, 0.05 and 0.1 calcined at 600 and
800 1C. The inset ﬁgures present the spectra in a more suitable (expanded) scale.
Fig. 3. FC and ZFC magnetization of the samples calcined at (a) 600 1C and
(b) 800 1C, measured at 1 kOe.
Fig. 4. Hysteresis loops of the samples calcined at 600 1C as measured at (a) 2 K
and (b) 300 K. The insets show the low-ﬁeld range.
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mode of Co3O4.
The ﬁeld-cooled (FC) and zero-ﬁeld-cooled (ZFC) magnetiza-
tion curves of samples calcined at 600 and 800 1C were measured
at H¼1 kOe in the temperature range from 2 to 300 K (see Fig. 3).
A predominant paramagnetic behavior was observed, which indicates
the presence of noninteracting magnetic ions. The strong paramag-
netic contribution led to practically the same curve shape for ZFC and
FC, preventing the saturation of FC curve at low temperature.
The magnetizations of studied samples were also measured at
2 and 300 K as function of magnetic ﬁeld (hysteresis loops). The
paramagnetic contributions obtained from FC–ZFC measurements
were subtracted from the obtained hysteresis loops. This proce-
dure allows the separation of ferromagnetic behavior in samples
calcined at 600 1C (x¼0.01, 0.05 and 0.1) and 800 1C (x¼0.05
and 0.1) (see Figs. 4 and 5, respectively).At 2 K, the sample with x¼0.1 calcined at 600 1C presented
saturation magnetization (ss) about 0.2 emu/g. The samples with
x¼0.01 and 0.05 presented almost the same value of ss
0.018 emu/g. The values of ss measured at 300 K were 3.1
105 emu/g for x¼0.01; 6.99104 emu/g for x¼0.05 and
8.55104 emu/g for samples with x¼0.1. The coercive ﬁeld (HC)
of sample with x¼0.1 was about 0.29 kOe at 2 K and 0.17 kOe at
300 K (see inset of Fig. 4). The remanence of the sample with x¼0.1
was about 0.005 emu/g at 2 K and 1.3104 emu/g at 300 K.
At room temperature, the sample with x¼0.05 presented HC
0.06 kOe and remanence 4.7106 emu/g. Moreover, the sam-
ples with x¼0.01 and 0.05 at 300 K and the sample with x¼0.05 at
2 K presented an apparent superparamagnetism. However, the
saturation is reached even in these cases, which characterizes the
ferromagnetic behavior of these samples.
For samples calcined at 800 1C, the ss values observed at 2 K
were 0.1 emu/g (x¼0.05) and 0.4 emu/g (x¼0.1). The coercive
ﬁeld of the sample with x¼0.1 was 0.02 kOe (inset of Fig. 4a).
Fig. 5. Hysteresis loops of the samples calcined at 800 1C as measured at (a) 2 K
and (b) 300 K. The insets show the low-ﬁeld range.
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with x¼0.05 and 3.2104 emu/g for x¼0.1. Thus, for these
samples, the ss values increased with the cobalt concentration.4. Conclusions
Powders samples of Zn–Co-doped CeO2d were prepared in
concentrations of 1, 5 and 10 mol% of cobalt and zinc. These
samples were synthesized by an alternative route in which a
proteic sol–gel process provides a solid solution of cobalt and zinc
in the ceria lattice. The XRD measurements showed the formation
of the main phase of CeO2 and indicated that the maximum
doping occurs between 5 and 10 mol%.The Raman spectra presented vibrational wavenumber around
463 cm1 for samples calcined at 600 1C and 467 cm1 for samples
calcined at 800 1C. This fact can be attributed to the vibrational
mode of the Ce–O8. The peaks about 250 and 600 cm
1 may be
explained by the presence of defects in the resulting formation of
oxygen vacancies.
Although the exact mechanisms responsible by the RTFM in
the present case are yet unclear, the experimental results shown
in this paper suggest that the observed ferromagnetic behavior
may be attributed to magnetic ions mediated by O2 vacancies.
It is not yet possible to completely discard the possibility that
such behavior can be associated to interfacial ferromagnetism due
to the presence of very small particles of Co3O4 in the matrix,
even for samples with xo0.1. In order to clarify this point, new
samples of Ce12xZnxCoxO2d must be calcined under vacuum
and under oxidizing atmosphere.
In a new study to be realized, a mixed oxide CeO2–ZnO will be
prepared in order to allow the insertion of ions in two different
crystalline matrices, that is, the wurtzite-like structure of the ZnO
and ﬂuorite-like structure of the CeO2.Acknowledgments
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